Introduction
According to the 2016 Global Hunger Index (von Grebmer et al. 2016) , the highest hunger levels are found in Sub-Saharan Africa and South Asia. In South Asia, India has exhibited the worst results for several decades. Moreover, India is expected to overtake China in becoming the world's most populous nation by 2022, according to the 2015 revision of World Population Prospects reported by the United Nations. Under such circumstances, food security has brought great concern in India. Kumar et al. (2009) have issued a warning that current trends in production indicate that domestic production will have difficulty satisfying future food grain demand.
Among all foodgrains, rice is the most consumed in India (Directorate of Economics and Statistics 2015) . Data from the Food and Agriculture Organization Corporate Statistical Database (FAO-STAT) also show that the rice JARQ 52 (3), 255-272 (2018) In considering both population growth and climate change, one might be intrigued to clarify the influences of climate change on rice, the largest produced and most consumed crop in India, Moreover, future forecasts of the demand and supply of rice are clouded by uncertainty that climate change presents.
Several approaches have been adopted to analyze the effects of climate change on agriculture. Pohit (1997) analyzed four agriculture sectors (paddy, wheat, grains, non-grain crops) and six non-agricultural sectors using a Computable General Equilibrium (CGE) model. The results showed that, except for wheat and non-grain crops, carbon dioxide fertilization effects decreased in India. Sulser et al. (2010) combined precipitation and irrigation with the International Model for Policy Analysis of Agricultural Commodities and Trade (IMPACT), which is a world food model of the International Food Policy Research Institute (IFPRI). They detected declining trends in water productivity for cereal production in the Ganges and Nile river basins and in net trade (exports minus imports) for cereal in India until 2050. In 2000, the Intergovernmental Panel on Climate Change (IPCC) issued the Special Report on Emissions Scenarios (SRES), and these scenarios were used to project the future impacts of climate change on food grains. Furuya et al. (2009) explored the influence of global warming on the world food market under the SRES using the International Food and Agricultural Policy Simulation Model (IFPSIM), which consists of yield, area, demand, export, import, stock, and price linkage functions. The results for Indian rice under the A1B, B1, A2, and B2 1) scenarios in the SRES revealed a decrease in production and an increase in the growth rate of consumption.
From a review of earlier literature describing climate change effects on food grain production in India, we noted the wide use of national data. Few reports of the relevant literature describe studies using state or regional data. Kumar et al. (2004) clarified the influence of monsoon rainfall on the production of five major crops based on state-level statistics. Soora et al. (2013) adopted the SRES scenarios to predict the impact of climate change on rain-fed rice yields in five regions covering several states. Given India's diverse topography and climate, conducting analyses using state data is expected to reflect actual conditions better than when using national data. Therefore, this study divides all territories into 28 districts and provides a supply-demand model to assess the particular influences of climate change on the rice market.
The purpose of this study is to conduct an economic evaluation of the impacts of climate change on rice production in each state in India and on rice supply and demand for the whole country, and to clarify the regions that the government needs to focus on for implementing countermeasures. It is still fresh in our memory that the export ban on rice by the Indian government worsened the already tight food supply in 2007, which was a particularly poor harvest year. The development of an economic model that can evaluate the regional impacts of climate change is very important for devising countermeasures.
Temperature and precipitation are often examined (e.g. Cabas et al. 2010 ) to estimate rice yield. Solar radiation plays an important role in rice yield, but is rarely considered. Even though earlier reports of the literature tend to disregard climatic factors for measuring the areas of rice, Khan & Zaman (2010) present evidence of a relation between rainfall and wheat production. Consequently, we include temperature, precipitation, and solar radiation in the yield function, and incorporate precipitation into the area functions.
To project the effects of climate change on crops, some studies have specifically emphasized socioeconomic factors such as population growth rate and income growth (Kumar et al. 2012 (Kumar et al. , 2014 . In contrast to such socioeconomic investigations, we forecast the supply and demand of rice based on representative concentration pathways and climate policy assumptions. Two steps exist for this study. First, we elucidate the influence of climate change on the supply, demand, and price of rice in India. At the second stage, we project the tendencies in several probable scenarios based on a combination of Representative Concentration Pathways (RCP) and Shared Socioeconomic Pathways (SSP) scenarios.
Model

Rice production
Rice cultivation in India has three seasons: Rabi, pre-Kharif, and Kharif, corresponding to the summer, autumn, and winter harvesting seasons, respectively. Figure 1 presents the rice cropping calendar. Since 1981, the DES (2017) has integrated data of pre-Kharif (autumn rice) into those of Kharif (winter rice). For the continuity of data, we aggregate autumn and winter rice as Kharif.
Supply and demand model of rice
To investigate the influences of climate change on the supply and demand of rice, we use the supply and demand model of rice based on the model of Furuya et al. (2010 
Empirical analysis
We initially conducted tests of stationarity to ascertain whether differencing variables are necessary. If necessary, we will then modify these variables and proceed to estimate the functions presented above.
yield. Figure 3 shows the flowchart of supply and demand for rice econometric model for India. Total production is the sum of Rabi and Kharif production. Domestic utilization is defined as the sum of feed, seed, waste, processing for food, and other forms of utilization. Supply is influenced by total production, domestic utilization, stock changes, and the volumes of exports and imports. Demand is affected by the population, gross domestic product, consumer price index, and retail prices. Retail prices are determined when supply and demand reach equilibrium. The movements of retail prices are transferred to farm price through the price linkage function and the farm price affects next year's supply. In this sector, the exchange rate, world price, imports, population, and GDP are exogenous variables.
Data
The estimation period was 1969-2009, for which all data are available. The DES (2017) The forecast period was set as 2010-2060 for two reasons. One is that India's population is expected to peak at 1.718 billion in 2060, after which it will decline, The results also show that more precipitation tends to boost the yield of Kharif during April-September, when the monthly average temperature (higher than 26°C) is higher than those of other months. It signifies that ample precipitation is favorable for growth of Kharif in hotter seasons. Nevertheless, the relation is reversed in November, probably due to greater decreases in temperature and solar radiation during October-November than in any other period. Therefore, precipitation becomes a negative factor. We failed to find the same tendency for that of Rabi. More precipitation only elevates the yield of Rabi in the northern and northeastern regions where average temperatures are the two lowest (about 20°C and 21°C) . The data also point out that more sufficient solar radiation not only benefits the yield of Kharif during January-April and in November, but also improves the yield of Rabi in December and January. The monthly average temperature from November through March is between 18°C and 24°C, which is lower than in other months. Even in April, the average temperature in the northern region is around 23°C. These results are derived from plentiful solar radiation, which compensates for the shortcomings caused by prevailing low temperatures during these months.
(2) Area function According to the results of Tables 3 and 4, higher real farm prices encourage farmers to cultivate more paddy fields. The area of the prior year positively or negatively influences that of the current year. In addition, the increase in precipitation expands the harvest areas of rice in most states during monsoons, which last from late May or early June to September. And during the post-monsoon period (October-December), the high precipitation reduces the harvest area of Kharif in the northern region, but enlarges the area in the eastern region. Compared with the eastern region, the rain is probably colder in the north as a result of the lowest temperature and least solar radiation during November-March. The cold rainwater tampers the harvest and diminishes the area. However, the precipitation shows a positive correlation with the area of Rabi in the late harvest season in most states. This April-July period is the hottest of the entire year. Therefore, rainfall might conceivably reduce the damage related to high temperatures. (3) Export function, stock change function, demand function and price linkage function Table 5 shows that an increase in domestic rice production promotes rice exports. A high domestic real retail price of rice entices farmers to sell their rice in home markets, resulting in low exports. Regarding stock
Tests of stationarity
To avoid the problem of spurious regression, we first apply the augmented Dickey-Fuller (ADF) tau test to examine the stationarity of all variables. The optimal lag length is selected using the Akaike Information Criterion (AIC). Engle-Granger tests are applied in the next step if variables have unit roots. Even though the variables are non-stationary, the existence of cointegration signifies a stable long-run equilibrium relation. The linear combination is both stationary and predictable.
Results show that most variables in the functions of yield, area, and exports have unit roots. Cointegration relations are absent from these functions. Although few variables are stationary, we transform all variables into first-order differences in an attempt to create uniform estimation methods that are applicable to each state. The p-value of each transformed variable is less than 0.01, except the first-order difference of WEG, the p-value of which is 0.01-0.05. The result implies the stationarity of these variables (Appendix A). Accordingly, we transform equations (1)- (4) and (7) as shown below.
(1') (2') (3') (4') (7') In these equations, Δ represents the difference between one period and the prior period. The stock change function is not modified due to the existence of stationary variables. Moreover, the variables of the demand and price linkage functions have unit roots. Therefore, Engle-Granger tests are applied. The p-values are 0.083 and 0.018, respectively, which verify the existence of cointegration and signify steady long-run equilibrium relations. Therefore, both functions are also unchanged.
Estimated results of functions
(1) Yield function Table 1 and Table 2 depict the relations between the rice yield and temperature. Higher temperatures generally decrease the yields of rice after May because the average temperature is sufficiently high so that overly hot weather hinders growth. Although the weather turns cool after September, high temperatures are still disfavored due to the simultaneous decrease in precipitation. However, the reverse results are clear in a few states such as Arunachal Pradesh, Jammu, and Kashmir, which are located at 
Bay of Bengal
Andaman and Nicobar ∆TMP -0.089* Islands ∆PRC -0.000** (0.467 ) ∆SRA -0.133*** Note: *** Significant at the 1% level. ** Significant at the 5% level. * Significant at the 10% level. Numbers in parentheses are adjusted R-square values. ∆TMP, ∆PRC, and ∆SRA denote first-order differences in temperature, precipitation, and solar radiation, respectively. Note: *** Significant at the 1% level. ∆ denotes a first-order difference.
effects and challenges to adaptation and mitigation, as presented in Figure 4 . Furthermore, Hallegatte et al. (2011) demonstrated that mitigation and adaptation policies play important roles relative to reducing greenhouse gas (GHG) emissions and coping with the consequent climate change. Researchers have proposed the concept of Shared Policy Assumptions (SPAs) and incorporated it into socioeconomic pathways (Kriegler et al. 2012 (Kriegler et al. , 2014 . Theoretically speaking, 20 scenarios exist in the RCP-SSP combination. However, not all scenarios are likely to occur. For instance, sustainable world (SSP1) binding to very loose SPAs is unreasonable. Referring to the studies reported by Edmonds (2011) , Kram (2012), and van Vuuren et al. (2014) , three irrational scenarios are excluded: SSP1-RCP6.0, SSP1-RCP8.5 and SSP2-RCP8.5. By eliminating the three scenarios, we then investigated the effects of futuristic climate change on Indian rice and addressed some difficulties that the government must resolve.
Results
We first explore the differences in supply and demand (per-capita consumption) among five SSP scenarios in a given RCP scenario. Figure 5 presents that, at any level of GHG emissions, SSP5 (conventional development) produces the strongest effect on production and consumption. It is conceivable that, in this pathway, high economic growth boosts the per-capita income as well as per-capita consumption. Investments in technology are very high, with a specific emphasis on increasing productivity and managing the natural environment. This progress compensates for a decreasing agricultural labor force and supports increased production. SSP1, subsequent to SSP5, implies sustainability. As with SSP5, low population is assumed for SSP1, but economic growth is slowed to change, it is noteworthy that the stock of rice rises when the current year's rice production exceeds that of the prior year. It is conceivable that an increase in the supply of rice at an unchanged level of demand increases the inventory. Moreover, a high retail price of rice inspires farmers to sell as much rice as possible to earn higher profits. Therefore, the rice stock will decline. Table 5 also shows that the per-capita consumption of rice is related negatively to the retail price of rice and real GDP per capita. That fact suggests that high retail prices of rice deter consumers from purchasing rice. Higher real GDP per capita means that individuals have more income and wider choices for meals other than rice. The result of the price linkage function confirm a strong positive correlation between the farm price and retail price.
Simulation analysis
The NAPCC (2017) reported that the surface air temperature in India has risen by about 0.4°C over the past century. Regional monsoon variations have also been observed. As a major agricultural nation, climate change is a deeply important concern in India. The goal of this study is to project the future supply and demand of Indian rice under precarious climate conditions.
Scenario assumptions
The first scenario assumption is RCPs, which comprise four new pathways-RCP 8.5, RCP 6.0, RCP 4.5 and RCP 2.6-to provide widely diverse total climate forcing (Moss et al. 2010; van Vuuren et al. 2011) . Subsequently, O'Neill et al. (2012 O'Neill et al. ( , 2014 introduced a set of five SSPs (SSP1, SSP2, SSP3, SSP4 and SSP5) that defines the state of human and natural societies at a macro scale. They further extended the concept by integrating climate a medium-high level by the slight gap separating the rich and the poor. Similarly, the productivity of farms is elevated by improved technology, but the speed of progress is somewhat slower than that in SSP5. Therefore, production and per-capita consumption of SSP1 are located in the second place.
The moderate trends of SSP2 (middle of the road) make the incomes of individuals stable and balance concerns about advanced technology and the environment. Consequently, no extreme results are presented in these figures. SSP4 shows wide inequalities and social stratification both across and within countries.
are assumed to have strong environmental awareness, indicating fewer challenges in terms of mitigation and adaptation. Clean technologies have been actively improved and adopted in society. Therefore, new rigid policies bring about only slight effects. In contrast, enforcing more ambitious policies in SSP3-SSP5 can lessen GHG emissions and increase rice yields.
Conclusion
Global climate change has become a crucially important issue in the last few decades. Its influence on agriculture in most countries persists as a subject of great and growing concern. India, an agricultural powerhouse, is an important target for researchers to investigate the relations between climate change and crop development. Few earlier reports of the literature describe studies that analyze this subject by state. India governs an extensive territory with diverse topography. Therefore, we are encouraged to assess how rice, the most important crop, is affected by climate change in India's respective states.
The results show that high temperatures lower the yields of rice in most states, except for states at high altitudes. Precipitation and solar radiation favor the yield of Kharif rather than that of Rabi. However, high precipitation impedes the growth of yields and rice cultivation areas during the rainy season, at a low temperature or under scant solar radiation. Increased domestic production of rice and the real world price of rice are expected to enhance rice exports. The stock of rice shows a positive correlation with the rice surplus, but it has a negative relation with the retail price of rice. Otherwise, the per-capita consumption of rice is related negatively to the retail price of rice and real GDP per In contrast to low income people who have little consumption, high and middle-income groups have a high standard of consumption, which raises the average of per-capita consumption. However, similar situations do not occur with production. Fertile farms possessed by a few upper-class farmers have higher productivity. Nevertheless, such production cannot offset poor production at barren farms owned mostly by lower class farmers. Such production causes the lowest level of total production among the five pathways. SSP3 is defined as a fragmented world separated into regions of extreme poverty, moderate wealth, and other factors. Rivalry and conflicts among these regions impede economic and technological development, thereby resulting in deficient production. Moreover, high population growth due to poor education and a sluggish economy greatly decreases per-capita consumption. Accordingly, strengthening the capability of adaptation ameliorates the socioeconomic situation. Then it lifts the production and per-capita consumption of rice.
In the next step, we assess the influence of climate policies on yield and areas of rice under certain socioeconomic pathways. For each pathway, two probable scenarios are chosen: one with the lowest emissions is regarded as strict policies being implemented; the other with the highest emissions is regarded as lax policies being implemented. Examining the effectiveness of policies, we use a twosample t-test to ascertain whether two population means are equal. Note: *** Significant at the 1% level. capita. Furthermore, the farm prices of rice show a strong positive correlation with the retail prices of rice.
To forecast the expected production of rice up to 2060, we considered five SSPs. The results of analysis show that SSP5 (conventional development) boosts the production of rice and per-capita consumption most in India. SSP1 (sustainability) follows SSP5 according to an increase in GDP. Moreover, under future scenarios of SSPs 3-5, we found that if the Indian government does not adopt climate policies to lower GHG emissions, the rice yield will decline. Therefore, to prevent decreases in rice production, the government must not only adopt and follow aggressive climate policies but also lead society toward moderate socioeconomic pathways. Certain policies are feasible, such as on population control, the acceleration of urbanization and globalization, and technological improvement.
Finally, it is conceivable that growing and harvest seasons will be different in 2060 due to climate change. Farmers are expected to undertake actions to adapt changes. However, further investigation is necessary for which some approach (top-down, bottom-up or a combination of both) will be undertaken and for which the period of this approach will be effective. The assumptions of constant growing and harvest seasons will thus be relaxed in future studies.
Footnote
1) The SRES scenarios were used in the Fourth Assessment Report (AR4) of the IPCC. The A1 scenario assumes high economic growth and low country borders. The A1B scenario is a balanced energy consumption scenario among the four A1 sub-scenarios. The A2 scenario assumes a block or local economy. The B1 scenario assumes progress in clean energy technology and low-country borders. The B2 scenario assumes clean energy and a localized economy. The A2 scenario is the worst case scenario. The A1B and the B2 scenarios are moderate scenarios. 
